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Abstract 
CdS particles modified anatase TiO2 photocatalysts were formed on titanium substrate by 
plasma electrolytic oxidation for 2 min in supporting electrolyte (10 g/L Na3PO412H2O) with 
addition of CdS particles in concentrations up to 8 g/L. Content of CdS particles incorporated 
into TiO2 coatings depends of CdS particles concentration in supporting electrolyte, while 
surface morphology, phase structure and absorption properties of formed coatings were not 
significantly influenced by the addition of CdS particles. In contrast to pure TiO2 coatings, 
TiO2/CdS coatings exhibit enhanced photocatalytic activity (PA) in the degradation of methyl 
orange, used as a model organic pollutant, under simulated solar irradiation. The highest PA 
was observed for TiO2/CdS coating formed in supporting electrolyte with addition of 0.4 g/L 
of CdS particles. Photoluminescence measurements indicate that enhanced PA is related to the 
reduction of the recombination rate of photogenerated electron/hole pairs as a result of TiO2 
and CdS coupling. 
 





















Environmental pollution is one of the major global challenges. Semiconductor 
photocatalysis is the most efficient method for decomposition of organic pollutants in aqueous 
media [1]. Among various semiconductor photocatalysts, TiO2 has attracted much attention 
due to its outstanding properties such as low cost, strong oxidizing power, nontoxicity, 
photostability, and chemical inertness [2]. However, practical application of TiO2 in 
photocatalytic reactions is obstructed by two essential drawbacks: wide energy gap (3–3.2 eV) 
that limits its application to ultraviolet region and fast recombination of electron–hole pairs, 
which are generated after photon absorption when TiO2 is irradiated with energy equal to or 
higher than its band gap [3]. Several strategies have been adopted for improving the 
photocatalytic efficiency of TiO2. They can be summarized as either changing the energy 
structure of TiO2, i.e., extending its optical absorption range from ultraviolet to visible region 
or decreasing the electron/hole recombination rate [4].  
An effective method for improving the photocatalytic efficiency of TiO2 is its coupling 
with wide band gap semiconductors such as WO3, V2O5, SnO2, CdS, CdSe, etc. [5]. CdS has 
relatively low band gap energy (~2.3 eV) and its mixing with TiO2 enhances the 
photocatalytic activity of TiO2/CdS system not only because of promotion of visible light 
absorption, but it also features better separation of photogenerated electron–hole pairs [6-8].  
Up to now, hydrothermal method [9], liquid ion-exchange technique [10], sol–gel 
method [11], solvothermal method [12], etc. have been used to prepare TiO2/CdS 
photocatalysts. In this work, we have utilized high-voltage plasma electrolytic oxidation 
(PEO) process [13,14] of titanium in alkaline electrolyte containing CdS particles for the 
formation of TiO2/CdS photocatalysts. Generally, PEO is considered a valuable pathway for 


















micro-discharging channels cause melting of the substrate material which reacts with much 
cooler electrolyte, thus solidifying and crystallizing quickly upon being ejected from the 
micro-discharging channel. This process repeats randomly over the substrate surface, 
resulting in the formation of relatively uniform oxide coating [14]. In-situ incorporation of 
particles into the PEO coatings has been explored as a new strategy to provide coatings with a 
wide range of compositions and functionalities [15]. CdS particles have negative zeta 
potential in alkaline media [16] which promotes their movement towards the titanium anode. 
CdS particles have melting point around 1750 °C, hence locally high temperature induced at 
micro-discharging sites (5000 °C) during PEO of titanium [17] should result in deposition of 
CdS particles on the surface of coatings.  
 
2. Experimental details 
  
  Titanium samples of dimensions 2.5 cm × 1 cm × 0.025 cm were obtained from 
99.95% purity titanium sheet. Samples were ultrasonically cleaned in acetone and distilled 
water, dried in a warm air stream and sealed with insulation resin leaving only surface of 1.5 
cm × 1 cm available to the electrolyte. The experimental setup used for PEO is described in 
Ref. [18]. Water solution of 10 g/L sodium phosphate dodecahydrate (Na3PO4·12H2O) was 
used as a supporting electrolyte. High purity CdS powder (Sigma Aldrich) was added to 
supporting electrolyte in concentrations up to 8 g/L. Since CdS particles are insoluble in 
supporting electrolyte and only freshly prepared electrolyte was used, PEO processing is 
conducted under identical conditions in each run. Temperature of the electrolyte was 
maintained at (10 ± 1) °C during PEO. Titanium samples were anodized at constant current 


















Surface morphology was studied by scanning electron microscope (SEM) JEOL 840A 
equipped with energy dispersive x-ray spectroscopy (EDS). The ratio of titanium and 
cadmium in formed coatings was determined using a Shimadzu XRF-1800 wavelength 
dispersive x-ray fluorescence spectrometer. Crystalline phases were identified by x-ray 
diffraction (XRD) in Bragg–Brentano geometry using a Rigaku Ultima IV diffractometer. The 
Raman spectra were excited using the 532 nm diode solid state laser (laser power of 10 mW) 
on a Thermo Scientific DXR Raman microscope equipped with research optical microscope 
and CCD detector. UV–Vis diffuse reflectance spectra (DRS) were recorded using a UV–Vis 
spectrophotometer (Shimadzu UV-3600) while photoluminescence (PL) spectra were 
recorded using a Horiba Jobin Yvon Fluorolog FL3-22 spectrofluorometer, with Xe lamp as 
the excitation light source at room temperature. The size of CdS particles was measured by a 
laser light scattering particle size analyzer (Mastersizer 2000; Malvern Instruments Ltd., 
Malvern, Worcestershire, UK).  
For photocatalytic activity evaluation of TiO2/CdS coatings, the photodegradation of 
aqueous methyl orange (MO) solution at room temperature under simulated solar irradiation 
was used as a model reaction. The experimental setup and procedures used for photocatalytic 
measurement are described in Ref. [19]. In short, photocatalysts of dimensions 15 mm × 10 
mm (active surface) were immersed into 10 mL of 8 mg/L aqueous MO solution. Prior to 
illumination, the solution and the catalysts were magnetically stirred in the dark for 30 min to 
achieve adsorption–desorption equilibrium. The photocatalytic measurements were performed 
using a 300 W lamp that simulates solar radiation (Solimed BH Quarzlampen) which was 
placed 25 cm above the surface of the dye solution. The evolution of MO concentration was 
monitored by measuring the variation of the intensity of main absorption peak at 464 nm. 
UV–Vis absorption measurements as a function of the light exposure time were performed 


















tested for photolysis in the absence of the photocatalyst in order to examine its stability. The 
lack of change in the MO concentration after 12 h of irradiation revealed that MO was stable 
under applied conditions and that degradation was only due to the presence of photocatalyst. 
 
3. Results and discussion  
 
Size distribution of CdS particles added to supporting electrolyte is shown in Fig. 1. 
The largest number of particles have diameter around (0.27 ± 0.1) m. The surface 
morphology of coatings formed in supporting electrolyte with addition of CdS particles is 
characterized by numerous micro-discharge channels of varying diameter, as well as regions 
resulting from the rapid cooling of molten material (Fig. 2). It can also be noted that surface 
morphology is not significantly influenced by the concentration of CdS particles in supporting 
electrolyte. Typical cross-sectional SEM image of formed coatings is showed in Fig. 3. Dense 
coating, tightly adhered to the titanium substrate, with corresponding thickness of about (3.6  
0.3) m, is formed after 2 min of PEO processing. 
XRD pattern of pure CdS powder and XRD patterns of coatings formed in supporting 
electrolyte with addition of various concentrations of CdS particles are shown in Fig. 4. The 
peaks observed in XRD patterns of CdS particles at 2θ values of 26.5, 43.8, and 51.9 degrees, 
unambiguously match (111), (220), and (311) crystalline planes of the face centered cubic 
structure of CdS (PDXL DB Card No. 9008839). Fig. 4 also shows that obtained coatings are 
well crystallized with clearly pronounced diffraction peaks corresponding to anatase phase of 
TiO2 (PDXL DB Card No. 9008213), which is the photocatalytically active phase. The 
absence of visible peaks corresponding to CdS in XRD patterns is a consequence of low 
concentration of CdS particles which are uniformly dispersed all over the TiO2 surface 


















performed Raman spectroscopy measurements (Fig. 5). Raman spectrum of CdS powder (Fig. 
3a) is characterized by a strong band at about 296 cm−1 assigned to the first-order longitudinal 
optical phonon (1LO) and a peak at about 592 cm−1 corresponding to the second-order (2LO) 
optical phonon [20]. The dominant modes in the Raman spectra of pure TiO2 coating at about 
144 cm−1 (Eg(1)), 197 cm−1 (Eg(2)), 395 cm−1 (B1g(1)), 514 cm−1 (A1g, B1g(2)), and 637 
cm−1 (Eg(3)) can be assigned to the Raman active modes of the anatase crystal phase [21]. 
Bands originating from both TiO2 coating and CdS particles can be identified in Raman 
spectra of coatings formed in supporting electrolyte with addition of CdS particles, thus 
confirming the presence of CdS particles in TiO2 coatings. High resolution SEM image of 
coating formed in electrolyte with addition of 8 g/L CdS particles shows that areas with high 
agglomeration of CdS particles can be found on the coating surface (Fig. 6), suggesting inert 
incorporation of CdS particles in PEO coatings [15]. At the same time, regions with 
deficiency of CdS particles can also be observed.  
Since the concentration of CdS particles in PEO coatings was either close to or below 
the detection limit of EDS system we used wavelength dispersive XRF measurements to 
obtain Ti/Cd ratio. XRF measurements show that the content of CdS in coatings increases 
with increasing concentration of CdS particles in supporting electrolyte (Table 1), i.e. the 
concentration of particles embedded in TiO2 coating is controlled by the concentration of the 
particles in electrolyte. 
The influence of concentration of CdS particles in supporting electrolyte on 
photocatalytic activity (PA) of PEO coatings is presented in Fig. 7. C0 is the original 
concentration of MO and C is the concentration after time t. Obviously, PA varies with the 
concentration of CdS particles added to supporting electrolyte. TiO2/CdS coatings formed in 
supporting electrolyte with addition of CdS particles up to 0.5 g/L show better PA than pure 


















supporting electrolyte with addition of 0.4 g/L of CdS particles. High concentration of CdS 
particles in supporting electrolyte significantly reduces photoactivity of prepared 
photocatalysts and even shows significantly lower values than those for pure TiO2. This 
indicates that concentration of CdS particles has a considerable influence on PA of TiO2/CdS 
coatings, i.e., there is an optimal concentration of CdS in TiO2 coatings that can be related to 
the amount of CdS particles added to supporting electrolyte.  
Given that the influence of CdS particles incorporated into TiO2 coatings on the 
morphology and phase structure is negligible, the main contribution of CdS particles to the 
PA is either in extending the optical absorption range of TiO2/CdS coatings or in preventing 
fast recombination process of photogenerated electron/hole pairs. Fig. 8 shows UV–Vis DRS 
spectra of pure CdS powder and prepared coatings formed in supporting electrolyte with 
various additions of CdS particles. Obviously, TiO2/CdS coatings do not show absorption 
band edge shift towards the visible light region. All TiO2/CdS coatings show the band edge at 
about 385 nm, while the band edge of CdS powder is at about 570 nm. The band gap energy 












,                                                                                                               (1) 
where R=10A is the reflectance of semiconductor and A is the absorbance, while  and S 
denote the absorption coefficient and the scattering coefficient, respectively. The energy 
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where  is the frequency of the incident photon, h is the Planck constant, and Eg is the optical 


















transition of the electron is direct or indirect. Based on equations (1) and (2), plot [F(R) h]1/ 
as a function of h (Tauc plot) is linear near the edge and can be used to determine the 
absorption edge energy, which is the band gap. We used a plot [F(R)h]1/2 vs. h to calculate 
the band gap values of TiO2/CdS coatings [11]. The calculated band gap energy for all 
TiO2/CdS coatings is at about 3.16 eV, except for TiO2/CdS coating formed in electrolyte 
with addition of 8 g/L CdS powder which is at about 3.14 eV (Fig. 9). 
The absence of adsorption shift might be attributed to a low concentration of CdS 
particles incorporated into coatings, which is also suggested by XRD, indicating that CdS 
particles are suppressing the recombination of photogenerated electron–hole pairs. On the 
other hand, if concentration of CdS particles incorporated into TiO2 coatings is too high, it 
increases the concentration of recombination centers for electron–hole pairs, resulting in 
lower PA.  
High sensitivity and nondestructive character render photoluminescence (PL) 
technique useful in the field of photocatalysis because information such as the efficiency of 
charge carrier trapping, migration and transfer can be obtained [22]. It is generally 
acknowledged that increase of PL intensity corresponds to decrease of photocatalytic activity, 
indicating fast recombination of electron-hole pairs. PL emission spectra of prepared coatings 
excited at 350 nm are shown in Fig. 10a. By raising the concentration of CdS particles in 
electrolyte up to 0.4 g/L, a decrease in PL intensity is observed, while further increase of CdS 
particles concentration in electrolyte up to 1.0 g/L results in increasing PL intensity. These 
results are in accordance with photocatalytic measurements (Fig. 10b), i.e., the decrease of PL 
intensity corresponds to increase of PA, indicating slower recombination of electron–hole 
pairs. For higher concentrations of CdS particles in supporting electrolyte (2 g/L and more), a 
simultaneous decrease of PL intensity and photocatalytic activity can be related to increasing 


















Based on the above discussion, the following degradation mechanism of MO can be 
proposed [23-25]. Under the irradiation, electrons are excited from the valence band (VB) of 
CdS in TiO2/CdS coatings to the conduction band (CB) of CdS, thus forming the electron–
hole pairs. The position of CB and VB gap edges of CdS enables the injection of photoexcited 
electrons from CB of CdS into the low-lying CB of TiO2. On the other hand, the holes 
generated in CdS valence band cannot be transferred to VB of TiO2, because CdS valence 
band is more cathodic than that of TiO2. The recombination between photogenerated electrons 
and holes is suppressed as a result of the separation effect, allowing more opportunities for 
electrons and holes to participate in oxidation-reduction reactions. Photogenerated electrons 
can react with the adsorbed O2 to form radicals such as 
●O2, 
●OH and then these radicals 
further oxidize MO molecules to CO2 and H2O. Meanwhile, the holes can react with OH or 
H2O to generate 
●OH radicals, which can also take part in the degradation reactions of MO in 
the photocatalytic process. 
It is also worth mentioning that over the past few years our group has applied PEO 
processing to couple TiO2 with wide band gap semiconductors such as WO3 [19], V2O5 [26], 
and SnO2 [27] in order to improve the photocatalytic efficiency of TiO2. Fig. 11 presents PA 
of above mentioned photocatalysts in MO degradation. Clearly, TiO2/CdS photocatalyst is 
more efficient in degrading MO than TiO2/V2O5 and TiO2/SnO2, while TiO2/WO3 still 




In this work, for the first time we used plasma electrolytic oxidation (PEO) process for 
the formation of TiO2/CdS photocatalysts on titanium substrate in alkaline electrolyte 


















electrolyte containing CdS particles is questionable because CdS is toxic, especially when 
inhaled, and cadmium compounds generally are classified as carcinogenic. 
The surface morphology is not significantly influenced by the addition of CdS 
particles to the supporting electrolyte. The coatings are mainly composed of anatase TiO2 
phase. Raman spectroscopy confirmed inert incorporation of CdS particles into TiO2 coatings. 
CdS particles inside TiO2 coatings do not have influence on the absorption spectra which 
showed a band edge at about 385 nm. 
Photocatalytic activity of TiO2/CdS coatings is strongly dependent on the 
concentration of CdS particles in supporting electrolyte. The highest photocatalytic activity 
was observed for coatings formed in supporting electrolyte with addition of 0.4 g/L of CdS 
particles. Observed photocatalytic activity is considerably higher than that of pure TiO2 
coatings formed in supporting electrolyte under the same conditions. Enhanced photocatalytic 
activity is related to the reduced recombination rate of photogenerated electron/hole pairs as a 
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Figure 1. Size distribution of CdS particles. 
Figure 2. SEM micrographs of coatings formed by PEO in supporting electrolyte with 
addition of various concentration of CdS particles (a) 0.0 g/L; (b) 0.1 g/L; (c) 0.2 g/L; (d) 0.3 
g/L; (e) 0.4 g/L, (f) 0.5 g/L; (g) 1.0 g/L, (h) 2.0 g/L; (i) 4.0 g/L, (j) 8.0 g/L. 
Figure 3. SEM micrograph of polished cross-section of coating formed in supporting 
electrolyte with addition of 8.0 g/L of CdS particles. 
 Figure 4. (a) XRD pattern of used CdS particles; (b) XRD patterns of coatings formed in 
supporting electrolyte with addition of various concentrations of CdS particles. 
Figure 5. Raman spectra of CdS particles, TiO2 coating formed in supporting electrolyte, and 
TiO2/CdS coating formed in supporting electrolyte with addition of 8 g/L CdS particles. 
Figure 6. High resolution SEM micrograph of coating formed in supporting electrolyte with 
addition of 8 g/L CdS particles. 
Figure 7. Photocatalytic performance of TiO2/CdS coatings formed in supporting electrolyte 
with addition of various concentrations of CdS particles. 
Figure 8. DRS spectra of CdS particles and the coatings formed in supporting electrolyte with 
addition of various concentrations of CdS particles. 
Figure 9. Tauc plots of TiO2/CdS coatings formed in supporting electrolyte with addition of 
various concentrations of CdS particles. 
Figure 10. (a) PL emission spectra excited at 350 nm of TiO2/CdS coatings formed in 
supporting electrolyte with addition of various concentration of CdS particles; (b) Influence of 
CdS concentration in supporting electrolyte on: PL intensity at 425 nm and PA after 12 hours 
of irradiation of TiO2/CdS coatings. 



















Table 1. Ti/Cd ratio detected in TiO2/CdS coatings formed in supporting electrolyte with 
addition of various concentrations of CdS particles. 
 
CdS (g/L) 0.0  0.1  0.2  0.3  0.4  0.5  1.0  2.0  4.0  8.0  






















 PEO coatings are formed on titanium in CdS powder containing electrolytes. 
 PEO coatings are mostly composed of anatase phase of TiO2. 
 Concentration of CdS particles is an important factor affecting photocatalytic activity. 
 Coating formed with 0.4 g/L CdS electrolyte showed the best photocatalytic activity. 
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